Introduction
Compounds with the formula SO2X 2 may be sulfuryl halides, such as 502F2, or symmetrically substituted sulfones, such as dimethyl sulfone, (CH3)2SO 2. The sulfur atom in these molecules is tetrahedrally coordinated, and the simplest prototypes have C2v symmetry. We have previously determined the structures of dimethyl sulfone (Sands, 1963) and butadiene sullone, C4H6SO 2 (preferred name is 2,5-dihydrothiophene-1,1-dioxide, also known as 3-sulfolene) (Sands & Day, 1967) . The present paper reports the structure of 3,4-epoxysulfolane, C4H6050 z (alternative names are butadiene sulfone epoxide and sulfolene-3-epoxide).
Experimental
The epoxidation of butadiene sulfone was accomplished by treatment with performic acid, as described by Sorenson (1959) . The product was recrystallized from acetone and it melted in the range 123-125 °C. A preparation by another method by van Lohuizen & Backer (1949) was reported to melt at 130°C, and ProchS.zka & Hor~ik (1959) observed a melting point in the range 124.5-126 °. Sorenson (1959) , however, observed a melting point of 159-160 ° and suggested the possible existence of two crystalline modifications, although he was unable to convert his product into a second crystalline form. Subsequently, Loev (1961) reported the isolation of two epoxides with melting points of 123-125 ° and 157-159 ° from the same reaction mixture; interconversion of these two crystalline forms was not possible.
Mass spectrometric examination of our product showed the presence of the masses reported by Weinberg, Stafford & Scoggins (1968), although the intensity distributions were rather different. Our spectrum also possessed a substantial peak corresponding to a mass of 135, whereas the parent peak of the compound should be at mass 134. High resolution measurements gave a mass of 135.0116 for this peak, which may be compared with 135-0120 expected for C4H7SO3. It was subsequently found that upon lowering the injection temperature from 200 ° to 140°C the 135 peak dimin-ished and the 134 peak became stronger. A likely explanation of these spectra is that the compound polymerizes at the higher temperatures, and this may also be the source of the melting point ambiguity.
The single crystal selected for the structure determination was a clear, colorless, rectangular parallelepiped of dimensions 0.22×0.19 × 1.26 mm along directions that were later identified with the crystallographic a, b and c axes. Weissenberg and precession photographs showed orthorhombic symmetry, and systematic absences suggested space group P212~2~, which was ultimately confirmed by the structure.
Accurate cell dimensions were obtained from measurements made with a Philips Pailred diffractometer using Mo Kc¢ radiation (2 = 0.70930/~,). These measure- ments gave a = 8.475 (6), b = 10.742 (5), c = 5.899 (4) A, where the standard deviations in parentheses were obtained from a least-squares treatment of the observed angles. The density calculated on the basis of four molecules of C4H6OSOz per unit cell is 1.659 g.cm-3; two measurements of the density by flotation gave 1.663 and 1.658 g.cm -3. Diffracted intensities for layers from l=0 to l= 10 were measured on a Pailred diffractometer with siliconmonochromated Mo Kc~ radiation and a maximum sin 0/2 of 0.94. Both hkl and hkl reflections were measured, giving 3560 accessible reflections, of which 1950 were indel entent. Background corrections were calculated from the equation l/B= C+ Ds 2 + Es 4, where B is the background, s is sin 0/2, and C, D, and E are constants obtained by least-squares fitting of measurements made on unobserved reflections.
Corrections were applied for instrumental fluctuations, crystal deterioration, peak truncction, absorption (using an adaptation of the program of Burnham, 1962) , and th~ Lorentz-polarization factor (Jennings, 1968; Suortti & Paakkari, 1968) . 1282 independent weighted average F values were obt:.ined. A set of realistic standard deviations were obtained by adding 0-0004 F 2 to the a computed for each F on the basis of counting statistics.
Structure determination and refinement
The sulfur positions were deduced from the three- were carried out by means of the program CRYLSQ of the X-ray System (1970) of programs. Atomic scattering factors for neutral atoms were taken from International Tables for X-ray Crystallography (1962) , and this source was also used for the real part of the dispersion correction for the sulfur atom, equal to 0-1.
Since the Af" dispersion term generally affects F(hkl) and F(hkl) differently, a simple correction is not strictly applicable to the averaged data, so Af" was taken as zero. No extinction corrections were made. The terms in the least-squares summations were weighted by 1/g 2, where g is the adjusted standard deviation described above. The quantity being minimized in the refinements was ~w(lFo[-JFcJ) 2.
The anisotropic temperature factors of the sulfur, oxygen and carbon atoms available at this stage were analyzed for rigid-body motion by the method of Schomaker & Trueblood (1968), using a local program. The libration, translation and screw tensors obtained from this calculation were used to compute anisotropic temperature factors for the six hydrogen atoms.
Finally, the scale factor, the positional parameters of all fourteen atoms and the anisotropic temperature factors of the sulfur, oxygen and carbon atoms were refined. In this refinement, the hydrogen temperature factors were those given by the Schomaker-Trueblood rigid-body treatment, and these were not refined. The [Zw([Fo[-] Fcl)z/ (n-m)] 1/2, where n is the number of observations included in the calculations (1282) and m is the number of variables being refined (91), was 1.40. The largest ratio of shift to standard deviation in the last leastsquares cycle was 0.63 for coordinates of atoms other than hydrogen; including all parameters refined this maximum ratio was 5-33, and the average ratio was 0.39.
Results
The observed and calculated structure factor magnitudes for the observed reflections are listed in Table 1,  and Table 2 gives the fractional positional coordinates of the fourteen atoms in one molecule. The intramolecular distances and angles and the intermolecular distances less than 3.0 A are listed in Table 3 . These dimensions were calculated by means of the program BONDLA of the X-ray System (1970) . Table 3 also lists the intramolecular dimensions after correction for libration by the formula of Schomaker & Trueblood (1968), using our local program. Table 4 compares the average dimensions of the 3,4-epoxysulfolane molecule with the corresponding dimensions of the butadiene sulfone molecule (Sands & Day, 1967) and the dimethyl sulfone molecule (Sands, 1963) . Appropriate librational corrections were not applied in the earlier work, so the comparison is valid for only the uncorrected distances. The agree-THE CRYSTAL STRUCTURE OF 3,4-EPOXYSULFOLANE (4) (5) ment between corresponding dimensions is generally quite good, and the epoxidation has produced only slight changes in the bond angles at the sulfur atom. The preservation of these angles upon increasing the carbon-carbon distance across the ring from the double bond value of 1.30 to 1.45 A in the epoxide has required folding of the ring. This folding is apparent in Fig. 1 , which shows the molecule projected onto the mean plane through the sulfur and four carbon atoms. The S-C(1)-C(2) plane and the C(1)--C (2) Table 5 . The fl's are the coefficients in the exponent of the factor applied to the calculated structure factors, exp-(~hthsfl~s); the value of the mean square displacement, u z, along the direction of the reciprocal axis a t* is given by fltt/2nzd*z. The calculated values of flu given in Table 5 are based on the rigid-body treatment of Schomaker & Trueblood (1968), where the 48 fl~s values given by least-squares for the eight heavy atoms were used to determine leastsquares values of the six independent parameters of a molecular libration tensor, the six independent parameters of a molecular translation tensor, and the eight determinable components of a screw tensor. The agreement between the columns of fits (obs) and fits (cal) suggests that the approximation of rigid-body motion is quite reasonable, and the hydrogen temperature factors based upon this model are probably at least as good as those that might be obtained by refining them directly at the expense of increasing the number of variables included in the least-squares calculations from 91 to 127. Table 5 also gives the crystal coordinates of the directions of the principal axes of the temperature factors, and the values of u z along these principal axes.
The components and principal axes of the librational tensor, L, the translational tensor, T, and the screw tensor, S, are given in Table 6 . These components are in terms of a set of Cartesian axes, which in this case are parallel to the crystallographic axes. In this Cartesian system, the calculated fl's of Table 5  are Table 6 should be divided by 2n z to obtain mean 2 2 square displacements, in rad and A respectively. The values for L have been converted to (o) in Table 6 . The smallest component of the librational tensor corresponds to a mean square oscillation of 11.8 (o)z, and the direction of the associated axis of libration is about 0"0459 T(2,2) 0"4768 T(2,3) -0.0823 T(3,3) 0.6081 S(1,1) -S(2,2) 0.0147 S(1,2) 0.0652 S(1,3) -0.1552 S(2,1) --0"0126 S(2,2) -S(3,3) 0"0774 S(2,3) 0"0274 S(3,1) 0"1058 S(3,2) -0"0474
Principal axes (Cartesian components) 0.657, -0.152, 0.739 -0.577, 0.531, 0.621 -0.486, -0.834, 0.261 0.288, -0.392, 0.874 -0.240, 0.854, 0.462 -0.927, -0.343, 0.151 Principal value 0.1951 = 32.4 (°)2 0.0712= 11.8 0.1681 =28.0 0.6601 = 0.0334 A2 0.4322 = 0.0219 0.5136=0.0260 5 ° away from the normal to the mean plane through the sulfur and four carbon atoms. That is, the normal to the molecule shown in Fig. 1 is the axis of least rotational oscillation. The other two orthogonal principal axes of the L tensor are then nearly in the plane of Fig. 1 , and a magnitude of 28.0 (0)2 is associated with a direction within two degrees of being perpendicular to the C(I)-C(3) bond, while the third direction has the value of 32.4 (0)2. No such clear-cut interpretation of the directions of the principal axes is apparent for the T tensor, although there does seem to be a tendency for the greatest translational freedom to be in the plane of Fig. 1 , with lesser motions along the normal.
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